A novel Reverse Conduction Insulated Gate Bipolar Transistor (RC-IGBT) with Lateral Free-Wheeling Diode (FWD) integrated in the Termination is proposed and investigated by simulation, named LDT-RC-IGBT. Firstly, the Equi-Potential Ring (EPR) of the termination acts as an anode and the N-Stopper/N-Collector of the termination acts as the cathode of the anti-parallel built-in diode. The N-Stopper/N-Collector is shorted to the P-Collector, and it also acts as the electric filed stopper in the breakdown state. Secondly, the N-Collector and the P-Collector are designed apart at the surface and bottom, respectively. Thus the short effect of the N-Collector of the conventional RC-IGBT is avoided, and the snapback is completely eliminated. Thirdly, the P-Collector is not replaced by the N-Collector so that the hole injection is much higher than the conventional RC-IGBT, thus the forward voltage drop (V on ) can be reduced remarkably, which is favorable to the decrease of conducting energy loss. The results show that, the LDT-RC-IGBT not only eliminates the snapback but also reduces V on , it achieves a better tradeoff between V on and turn-off loss E off . At the same V on of 1.27 V, the E off of LDT-RC-IGBT is 2.06 mJ/cm 2 , which is 35.2%, 45.2% and 46.3% lower than that of the conventional RC-IGBT(3.19 mJ/cm 2 ), TPRC-IGBT(3.78 mJ/cm 2 ) and DARC-IGBT(3.85 mJ/cm 2 ), respectively. At the same E off of 3.10 mJ/cm 2 , the V on of LDT-RC-IGBT is 1.17 V, which is 10% and 15.8% lower than that of the conventional RC-IGBT(1.30 V) and the DARC-IGBT(1.39 V), respectively.
I. INTRODUCTION
The Reverse Conducting Insulated Gate Bipolar Transistor (RC-IGBT) is a promising device by incorporating the IGBT and the FWD in a monolithic chip, which is widely used in the power converters [1] - [3] . For the conventional RC-IGBT, the FWD is vertically integrated in the active cell region by taking the place of partial P-Collector with N-Collector in the backside of the IGBT [4] , [5] . However, several drawbacks especially an undesirable snapback phenomenon and high forward voltage drop (V on ) are induced by the short effect of the N-Collector at the forward conduction, which can prevent the device full turn-on and induces large conducting The associate editor coordinating the review of this manuscript and approving it for publication was Gian Domenico Licciardo . energy loss, respectively [6] , [7] . Many advanced and complicated structures have been proposed to solve these issues in recent years [8] - [12] , the TPRC-IGBT can suppress the snapback by the introduction of the Trench Oxide Layer (TOL) and P-float layer in the collector [13] , but it is very complicated and hard to fabricate. The DARC-IGBT can not only suppress the snapback but also decrease the V on by introducing the double anode [14] . However, it is at the cost of the Breakdown Voltage (BV) and turn-off losses (E off ), and it is also complicated. The Bi-mode Insulating Gate Transistor (BIGT) was developed to increase the R n−buffer by enlarging the collector size, but the current distribution and the turn-off performances can be further improved [15] . The CTG-RC-IGBT can eliminate the snapback completely, but the extra gate and signal are needed [16] . Moreover, VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ the FWDs of the above structures are vertically integrated in the active cell region, and the P-body acts as the anode and the N-Collector acts as the cathode. In this paper, a novel RC-IGBT with Lateral FWD in the terminal region (LDT-RC-IGBT) is proposed and investigated to eliminate the snapback, and achieve better tradeoff between V on and E off . This paper is implemented by the TCAD MEDICI, the mobility models including the CONMOB, PRPMOB, and FLDMOB are selected. The recombination and generation models including the Auger, Shockley-Read-Hall, and IMPACT.I are adopted, and the bandgap narrowing modeling BGN is also selected.
II. DEVICE STRUCTURE AND KEY PARAMETERS
The key parameters of the proposed LDT-RC-IGBT, conventional RC-IGBT, DARC-IGBT with additional anode and TPRC-IGBT with TOL and P-float are compared and listed in the Table. 1. Fig. 1 shows the cross section schematic and corresponding equivalent circuit of the proposed LDT-RC-IGBT. It is divided into the active cell region with Metal-Oxide-Semiconductor (MOS) structure and the terminal region with Equi-Potential Ring (EPR), Field Limiting Ring (FLR) and N-stopper. It is note that the N-stopper is also acts as the N-Collector, which is designed at the surface of the chip and it is separated from the P-Collector in the bottom. The EPR and N-Stopper/N-Collector are shorted to the Emitter and P-Collector, respectively. Furthermore, the EPR acts as the anode and the N-Stopper/N-Collector acts as the cathode of the FWD, thus the FWD is laterally integrated in the terminal region and anti-parallel with the IGBT from the equivalent circuit. 
III. RESULTS AND DISCUSSION
A. FORWARD CONDUCTION CHARACTERISTICS Fig. 2 illustrates the forward conduction characteristics for the conventional RC-IGBT (in [17] ), TPRC-IGBT (in [13] ), DARC-IGBT (in [14] ) and the proposed LDT-RC-IGBT. For the conventional RC-IGBT, the FWD is integrated by replacing partial P-Collector with N-Collector in the bottom of the chip, as a result, an obvious snapback is observed due to the short effect of the N-Collector, and the device will change from unipolar to bipolar mode with abrupt current. Additionally, the forward voltage drop V on is increased due to the decrease of the hole injection from the P-Collector. For the DARC-IGBT, the short effect of the N-Collector can be shielded by the additional anode and the snapback is suppressed to some extent. For the TPRC-IGBT, the N-Collector is shielded by the P-float and the uniploar mode is obstructed by the Trench oxide, thus the snapback is eliminated. However, the P-Collector is also partial replaced by the N-Collector, and the V on is increased.
For the proposed, the N-Collector is designed with N-stopper at the surface of the chip, which is separated from the P-Collector at the bottom, thus the short effect is avoided and the snapback is completely eliminated. Moreover, the hole injection of the P-Collector is much higher than the other RC-IGBTs and the conduction loss is much lower. As a result, the V on of the proposed is decreased from 1.20 V to 1.17 V at the current of 100A/cm 2 , when the N-drift doping (N drift ) is increased from 7×10 13 cm −3 to 1.5×10 14 cm −3 , which is much lower than the other RC-IGBTs. Fig. 3 shows the influence of the N drift on the V on and the snapback V sb for the RC-IGBTs. The V on is decreased obviously with the increases of the N drift for all the RC-IGBTs. Note that the V on of the proposed is much lower than the others when the N drift changes from 7×10 13 cm −3 to 1.5×10 14 cm −3 . Additionally, the V sb of the proposed and the TPRC-IGBT can be completely eliminated while the conventional RC-IGBT and DARC-IGBT can be partial suppressed. Fig. 4 shows the dependence of BV on the N drift at the breakdown state, and Fig. 5 illustrates the corresponding surface electric field (E surface ) at Y = 6 µm and the bulk electric field (E bulk ) at Y = 15 µm for the RC-IGBTs, respectively. It shows that the BV of the proposed is almost the same as the conventional RC-IGBT when the N drift increases from 7×10 13 cm −3 to 1.5×10 14 cm −3 , due to the E surface and E bulk of the active cell region and the terminal region are almost the same for the two devices. Additionally, the E surface and E bulk of the TPRC-IGBT and DARC-IGBT are much lower at the active cell region. The breakdown current-voltage curves are given in the inset picture of Fig. 4 , the breakdown leakage current are set as 1×10 −8 A/µm for all the devices, it shows that the proposed and the conventional RC-IGBT can obtain higher BV than the TPRC-IGBT and DARC-IGBT. As a result, the proposed LDT-RC-IGBT achieves a maximum BV of 661V at the N drift of 1×10 14 cm −3 , and it is increased by 50.2% and 75.3% compared to the DARC-IGBT with 440 V and TPRC-IGBT with 377 V, respectively. Fig. 6 shows the trade-off relationships between V on and BV of the RC-IGBTs when the N drift increases from 7×10 13 cm −3 to 3×10 14 cm −3 . It shows that the V on increases gradually from 1.12 V to 1.19 V for the proposed while it increases rapidly from 1.37 V to 1.54 V for the conventional RC-IGBT with the BV variation from 420 V to 661 V. For the TPRC-IGBT and the DRC-IGBT, it can be seen that the V on are much higher than the proposed at the BV of 420 V, thus the proposed LDT-RC-IGBT achieves a better trade-off property without V sb . RC-IGBT and the TPRC-IGBT have superior reverse conduction property with V R less than 1.0 V at the current density of 100A/cm 2 . The DARC-IGBT has the highest V R more than 3.0 V due to the shield effect of the additional anode. For the proposed LDT-RC-IGBT, the V R can be further optimized to 1.39 V by the increase of the doping of the EPR. Fig. 8 shows the reverse recovery characteristics of the RC-IGBTs. The DARC-IGBT has faster switching speed and less reverse recovery charge Q rr of 10.5 µc/cm 2 . The TPRC-IGBT and the conventional have larger Q rr of 52.7 µc/cm 2 and 47.4 µc/cm 2 due to the more nonequilibrium carriers are stored at the reverse conduction. For the proposed, the Q rr can be decreased by the decrease of the doping of the EPR. Fig. 9 shows the dynamic characteristics of the RC-IGBTs, the devices are turned off under the same inductive load circuit. The turn-off time T off is calculated from 90% I c to 10% I c and the tail-current is defined below 10% I c . For the conventional RC-IGBT, it has the shortest T off with 96 ns due to the extraction of the N-Collector. For the proposed, the T off is 131 ns which is decreased by 8.3% and 26% compared with the DARC-IGBT(143 ns) and TPRC-IGBT(177 ns), respectively. Additionally, the tail-current of the conventional RC-IGBT, TPRC-IGBT and DARC-IGBT are much longer than the proposed due to the injection of the holes from the P-Collector during the turn off process. Fig. 10(a) and Fig. 10(b) shows the electrons and holes concentration of the active cell region in X -direction (Y = 40 µm) respectively for the RC-IGBTs from T 1 to T 3 period in Fig. 9 . Where the turn off current begins to decrease from T 1 . It can be seen that both of the electrons and holes concentration in the N-drift of the conventional RC-IGBT and proposed are much lower than that of the TPRC-IGBT and DARC-IGBT during the turn off process at T 2 , and the tailcurrent of the proposed is the lowest at T 3 . Fig. 11(a) and Fig. 11(b) shows the electrons and holes concentration of the terminal region in Y -direction (X = 300 µm) respectively for the RC-IGBTs from T 1 to T 4 . It can be seen that the turn off current at T 1 and the tail-current at T 4 of the proposed are the lowest due to the carrier extraction of the N-stopper/N-collector in the termination region. Fig. 12 shows the trade-off relationships between V on and E off of the RC-IGBTs. the proposed LDT-RC-IGBT realizes 35.2%, 45.2% and 46.3% reduction on E off at the same V on of 1.27 V compared with the conventional RC-IGBT, TPRC-IGBT and DARC-IGBT, respectively. In addition, the V on of the proposed LDT-RC-IGBT is 10%, and 15.8% lower than the conventional RC-IGBT and the DARC-IGBT, respectively at the same E off of 3.10 mJ/cm 2 , which realizes a superior trade-off property. Fig. 13 depicts the key process steps of the fabrication for the LDT-RC-IGBT. The device is based on the P+ substrate with epitaxial N-buffer in Fig. 13(a) . The N-drift is grew by epitaxy in Fig.13(b) . The EPR and the N-stopper/N-Collector of the FWD are realized by the Boron and phosphorus implantation in Fig. 13(c) .
B. REVERSE BREAKDOWN CHARACTERISTICS

C. REVERSE CONDUCTION CHARACTERISTICS
D. TURN-OFF CHARACTERISTICS
E. KEY PROCESSES
The P-body and the FLR are realized by the Boron implantation in Fig. 13(d) . The cathode N+ is realized by phosphorus implantation in Fig. 13(e) . The gate oxide SiO 2 is formed by oxidation and etching in Fig. 13(f) . The P+ substrate is ground to form P-Collector in Fig. 13(g) . Finally the cathode, anode and gate electrode are metallized and etched in Fig. 13(h) , the fabrication process is compatible with the conventional IGBTs. Additionally the N-collector and the P-collector are shorted together, which can be realized by the external bonding or the TSV (Through Silicon Via).
IV. CONCLUSION
The proposed LDT-RC-IGBT not only eliminates the snapback but also reduces V on at the forward conduction, thus a better trade-off between BV and V on is achieved. The FWD is laterally integrated by the EPR and N-stopper in the termination, but the reverse conduction V R needs to be further optimized. However, a much better trade-off between V on and E off is realized compared with the conventional RC-IGBT, TPRC-IGBT and DARC-IGBT. 
